In the present work we have carried out an ab initio study on the structural and energetic properties of the hydrogen bonding formed between the different interaction sides of Guanine (G) and Adenine (A) in the GG and AA trans non Watson-Crick base pairs. The energies derived at the HF/6-31G(d,p) level, show that while Watson-Crick sides contribute significantly to the stabilization of the hydrogen bonding, however, Sugar and Hoogsteen sides interacciones are weaker. The inclusion of electronic correlation at the second order Møller-Plesset perturbation method, confirm the importance of including this correlation at MP2/6-31G(d,p) and MP2/6-311G(d,p) levels. It is concluded that two Guanine molecules form hydrogen bonds energetically more favorable than AA pairs within the same kind of interaction, while those having the sugar-sugar GG interaction become better solvated in aqueous solution. The results also allow understanding the functional role of this type of interaction in the oligonucleotide.
INTRODUCTION
The DNA and RNA nitrogen bases have received permanent interest due to their role in molecular recognition processes of biological importance [1] [2] [3] [4] [5] [6] [7] . In these processes, mainly characterized by non-covalent interactions, it can be observed [7] [8] [9] [10] that all sides of the nucleobases ( Fig. 1 ) are able to form hydrogen bonds allowing the recognition of different ligand, such us proteins, nucleic acids, drugs and metals. However, the Watson-Crick sides (WC) occur more frequently. In the RNA-proteins interactions 10 , 72% of these interactions involve the WC sides, 35% involve the Hoogsteen sides (H) of the nucleobases and the sugar sides (S) only occur in a 0.01%. In the RNA-nucleobases interactions, the Sugar sides occur in a 27%, a similar percentage (33%) occurs when the Hoogsteen sides participate in this kind of interaction 11 .
of Guanine over N7 of Adenine 3 . This is particularly interesting since it is observed 70% of GG sites and 20% of GA sites 3 in the DNA cancer cells. RMN studies and molecular dynamic simulation suggest that the Pt-GG DNA adduct modifies the structural properties of mutated DNA allowing the incorporation of the mismatch repair protein 16 . In Cu(II)-nucleobases interactions 17 , Adenine uses N3 atom to coordinate the divalent metal ion while Guanine uses N7 atom, evidencing the capability of the latter one to form metal-Guanine clusters in a similar configuration as the Guanine quartets observed in DNA 8, [18] [19] , where interactions WC/H with cis glycosidic bond characterize the formation of hydrogen bonds amongst the purines, involving 4 molecules of Guanine. No quartet formed by GG with trans glycosidic bond, have been detected so far, as well as among either other DNA or RNA nitrogen bases. In RNA, WC/ WC interactions in GG and GA pairs modify the RNA deep groove allowing the protein insertion and then its recognition 2, 20 . Although GG pair does not participate directly in that kind of recognition, it has been suggested that N7 and O6 atoms of the GG and GA pairs form polar hydrogen bonds with aminoglycoside antibiotics 2, [20] [21] [22] . These drugs are also inserted in DNA triplex structures 23, 24 , where N7 and O6 atoms are found available in the purine bases of the third strand oligonucleotide 25 . In these complex structures, most likely associated with DNA repairing processes, it also observed that the Hoogsteen sides of the DNA nitrogen bases form hydrogen bonds with the WC sides of the third strand of DNA, forming the GG and AA pairs 23, 24 . The orientation of glycosidic bonds in the different non canonical base pairs also plays an important role in relation to the structure and function of the nucleic acids, where the cis interactions show a negative propeller unlike trans pairs where no preference is observed and it conformational flexibility is reduced by the triple base formation 26, 27 . In fact, it is seen 26 that the propeller of the two molecules of Guanine in the trans S/S GG pair decreases ca.18° after the interaction with GC pair, while the latter varies ca. 8.0° to 12.3°. The higher frequency of the triple bases in the RNA is formed by trans WC/WC AA and S/S GG base pairs. This paper focuses on the calculation of the stabilization energies, especially on the Watson-Crick/Watson-Crick, Watson-Crick/Hoogsteen and Sugar/Sugar interactions in GG and AA base pairs, their structural properties and their associated geometries. The study of the properties of the interaction edges of the DNA and RNA nitrogen bases, contributes to understand the properties that govern the processes of molecular recognition.
COMPUTATIONAL METHODS
Standard ab-initio calculations, in the frame of molecular orbital theory, were performed using GAUSSIAN 09W suite of programs 28 . Geometry optimization of each pairs were carried out at HF/6-31G(d,p) level, followed of frequency calculations in order to see whether the derivate structures were local minima. Energy calculations in gas phase at MP2/6-31G(d,p) and MP2/6-311G(d,p) levels were carried out to include electron correlation in the frozen core approximation. The interaction energies were obtained from Although the WC/WC interactions between complementary nucleobases (GC, AU and AT) define the secondary nucleic acids structures, they are essentials to preserve the genetic code 12 and provide stability to the three dimensional structure of these oligonucleotides 13 . Other models of interactions also play important functional and structural roles and are relevant in genetic expression and cell stability 6, 14 . In fact the differences in the thermodynamic stability of certain RNAs and their associated functions cannot be explained only for the presence of hydrogen bonds observed in GG and AU pairs 15 . In the molecular recognition processes, the electron donor and acceptor groups of the Hoogsteen and Sugar sides have a particular interest. In RNA-protein complexes it is observed that whereas the N7 and O6 atoms of Adenine recognize various types of aminoacids, Guanine only recognizes Arginine 10 . This preference recognition is also seen in some drug antineoplasics insertion processes, like cis-platin and derivatives that show a higher affinity for N7 E value for the pair to which the energies of the isolated guanine have been subtracted. BSSE (Basis Set Superposition Error) corrections were calculated using the counterpoise methods (CPM) formulated by Boys and Bernardy 29 . Accordingly, BSSE (XY) = E(X)x + E(Y)y + E(X)xy-(E(Y)xy, were E(X)xy is the energy of X calculated at the super molecule basis set , E(X)x corresponds to the energy of X calculated at its own basis set. It is known that CPM works well at HF level, whereas conflictive opinions have been reported on the applications to correlated methods 30, 31 , and thereby in this work were used to confirm the magnitude of the stabilization of each pair only. The solute-solvent interactions were modeled using the polarized continuum method (PCM) 32, 33 . Accordingly, our calculations account for the polarization contributions and non-electrostatic terms such as cavitations, dispersion and repulsion energies.
RESULTS AND DISCUSSION
The optimized structure of the interactions between the nucleobases is shown in figure 2 , where I, II and III correspond to the interactions WC/ WC, WC/H and S/S respectively. In all cases, it was used a tautomeric form energetically more stable of purine bases; i.e. N9-H 34 . In the same way, it has been found previously, in purine and azapurine pairing [35] [36] [37] , the geometric parameters of those atoms not involved in the hydrogen bonds are not affected significatively after the hydrogen bonding formation. The hydrogen bonds between the nucleobases are polar (N-H … N and/or N-H … O), presenting bond distances close to 2.0 Å and bond angles in the range of 164-175 degrees (Table  1) , the non-bonded distances N … N y N … O are ca. 3.0 Å, similar to those found in GC, AU and AT base pairs [35] [36] .
Fig. 2:
Optimized structures of the GG and AA pairs at the level HF/6-31G(d,p) level. X-ray diffraction study 38 reveals that in the solid state as well in the monohydrate of the pair formed by two molecules of 9-ethyl-guanine, the bond distance N 2 -H … O 6 , is larger than N 7 … N 1 -H, in good agreement to our results (Table 1) , a difference of 0.34 Å in the GG II pair has been determined. The bond distances N 1 -H … O 6 in the par CG I pair deviates ca. 0.13 Å with respect to the ab-initio geometry of the dimer formed by two molecules of 9-methylguanine 39 . It is observed the interactions between nucleobases that involve primary amino group; id. N2 of Guanine or N6 of Adenine, tend to adopt a significant deviation from the plane due to pyramidalization of the -NH 2 group, these results are agree with previous studies 11 .
Although the intervention of N1 of Guanine determines the planarity of the amino group, this is only coincident with our results in GG I pair but not in AA I pair, where the latter one it is showing a structure completely planar although N6 in both purine is forming hydrogen bonds. Interaction in S/S GG pair determines a large deviation from both heterocycles from the plane and the pyramidalization of both amino groups involved in the formation of hydrogen bonds. The effect of the solvent does not affect significantly the geometric parameters of the pairs studied. However, it determines the loss of the pyramidalization of both amino groups and the co-planarity of the heterocycles in GG III pair. The latter one together AA I pair form part of the three-dimensional structure of the RNA 26 , where they interact with GC and AU pairs in the formation of bases triples, modifying the conformational properties of those ones.
The non-planarity of the nitrogen bases exo-cyclic amino group plays an important role in the biological processes 40 , favoring the formation of hydrogen bonds 41 , however, theoretical and experimental results 39 , show a favorable inclusion of a water molecule between the -NH 2 group and the O6 of the two purine in GG I pair, where the -NH 2 group are not occupied in the formation of the hydrogen bonds N 1 -H…O6, is fully planar as in AA I and AA II pairs, while WC/H GG interactions, the amino group remains pyramidal as in isolated Guanine. Both GG II and AA II pairs have been observed in triplex structures formed by DNA and a third strand of oligonucleotide (DNA or RNA), where groups -NH 2 of both Guanines are occupied in the formation of hydrogen bonds and the O6 of Guanine and N7 of Adenine are located towards the minor and major groove respectively 24, 25 , allowing the inclusion of divalent metal ions 3 . The inclusion of antiviral drugs and antibiotics is produced in areas of DNA with high concentrations of AT base pair, where the -NH 2 group is absent; in fact neomycin stabilizes DNA triplex structure with TAT bases triples 3, 5, 25 . The calculated interaction energies (Table 2) at the HF/6-31G (d,p) level, show that stability follows the order: WC/WC > WC/H > S/S and their values are in the range of the ab-initio energy (-5 y -27 kcal/mol) for RNA base pairs 11, 42 . The different energetic stabilities of some interactions allow understanding the functional and structural role of DNA and RNA. The corrected energies ( Table 2 ), show that the interactions WC/WC are energetically favorable, however, GG I pair is ca. 13.7 kcal/mol more stable than AA I pair. The hydrogen bonds formed by the Hoogsteen and WatsonCrick sides of both Guanines in GG II pair are ca. 8.0 kcal/mol less stable that in WC/WC in GC pair 35 but 4.8 kcal/mol more stable that the calculated for AU, where the latter one is ca. 5.0 kcal/mol more stable than the bonding WC/H in AA. The different energetic stability between GC and AU pairs is ca. 11.0 kcal/mol at HF/6-31G(d,p) level [35] [36] . These results could explain the thermodynamic stability differences of some RNA internal loops 15 that vary between -1.3 and +3.4 kcal/mol and whose three-dimensional structure is determined by interactions WC/H GG and WC/H AA pairs, in addition to WC/ WC GC and AU pairs. Hydrogen bond from interaction WC/H in GG pair, are better solvated in aqueous solution that interactions WC/WC in GC pair 36 .In fact, a difference ca.1.8 kcal/mol is observed.
According to the results obtained, there is not a clear relationship between energetic stability of the different interaction models and the functional role that exerted within the oligonucleotide, observing that the orientation of glycosidic bonds relative to hydrogen bonds also plays an important role. In fact, while cis WC/H GG pair form quartets of Guanines, the orientation trans promotes the formation of DNA triplex structures. However, the difference in energy between both types of interactions between Guanines is < 7 kcal/mol, being more favorable the trans GG interaction 11, 37, 42 .
CONCLUSIONS
The nucleobases of DNA and RNA are able to form hydrogen bonding using all electron donor and acceptor groups and the intrinsic stability, geometrical properties in addition to the other properties, allow understanding the functional role of the nucleobases in the molecular recognition processes. According to the obtained results, the Watson-Crick interactions between nucleobases of the same type are more favorable than Watson-Crick/Hoogsteen and Sugar/Sugar interactions. Though, WC/WC and WC/H interactions, between two Guanines are energetically more favorable than those formed by two Adenines.
